AI4083 (solid content of 1.5 wt%) was purchased from Heraeus Clevios TM . Copper (II) chloride, double-walled carbon nanotubes (DWCNTs) and 1-(ethoxycarbonylmethyl)-6methoxyquinolinium bromide (MQAE) were purchased from Sigma-Aldrich Korea.
S3
(Equation S1)
NMR study
To prove the metal ion interaction with PSS in the NPC media, 1 H NMR spectra was performed in D 2 O as a deuterated solvent ( Fig. S5 ). Three broad peaks were measured; a and b present the backbone protons of PSS, and c and d present the phenyl ring protons of PSS ( Fig. S5a ). Specifically, peak d is shifted to a higher frequency from 7.47 to 7.66 ppm as the Cu 2+ concentration increases because when the Cu 2+ ion ionically cross-links with PSS − , it withdraws electron density from PSS − , mainly from the phenyl ring protons. 2 Because the proton at d is located on the solvent side rather than the protons at c due to the hydrolysis of sulfonate group in D 2 O, peak d is broadened as the gelation progresses far from the solvent.
Interestingly, the sharp peak of PEDOT shifted slightly at 3.61 ppm for NPC samples (Fig.   S5b ). The 1 H-NMR spectrum was obtained using a BRUKER ARX-400 spectrometer. In general, 0.5 mL of PEDOT:PSS or NPC solutions were dried on a slide glass at 20−25 °C and ~50% RH for 12 h and redispersed in D 2 O (0.5 mL) as a deuterated solvent.
Characterization
The Seebeck voltage and temperature gradient were determined from a homemade setup using an Agilent 34410A Multimeter and Agilent 34970A, respectively. 3, 4 For the general measurement, two Peltier devices attached to an aluminum heat sink linked by a thermal S4 paste (~4 mm apart) were used to generate the temperature gradient. The temperature gradient was controlled by applying various input currents, from +0.5 to −0.5 A, on the two Peltier devices using a Keithley 2400 Multimeter. The temperature gradient along the gap of the electrodes was determined by two T-type thermocouples on the z-direction controllable stage. The average saturated temperature was measured by the two thermocouples from the hot and cold electrodes at room temperature. The temperature difference in the samples was cross-checked by using a high-resolution IR camera (FLIR E40) and control programmed software in a dark room at room temperature, which was set to 23−25 °C with an error of 0.2 °C, for clear analysis. The voltage difference was obtained at the same points (electrodes) to minimize error. The temperature sensitivity of the thermocouple was 0.001 °C. The humidity in the Seebeck voltage measurement system was controlled by the volume of deionized water in the sealed chamber and was directly measured by a hygrometer (sensitivity of 1% RH).
The Seebeck voltage of the device was measured after 30 min saturation and stabilization at a specific humidity. To confirm the Seebeck coefficient, six ΔV and ΔT points were determined 3 times each with various source currents, and the ΔV values were plotted linearly against ΔT.
The cyclic voltammograms, galvanostatic charge-discharge curves, and electrochemical impedance spectroscopy were performed at room temperature using an electrochemical interface and impedance analyzer (COMPACTSTAT, IVIUM technology). The electrochemical performances of the samples (0.7 cm × 0.7 cm) were obtained using a 2electrode setup. An active area of ~0.21 cm 2 was tested under different RH values at 23 °C.
The film morphology and energy-dispersive X-ray spectroscopy (EDS) mapping images were obtained with a field emission scanning electron microscope (FE-SEM, JSM-7100F, Transmission electron microscopy (TEM) and electron diffraction pattern were performed by JEM-F200, JEOL Korea Ltd. 5 μL of NPC solution was drop-casted on a carbon filmcoated TEM Cu grid (200 mesh) and spin-coated at 1500 rpm for 30 s. It was dried at 60 °C for 10 min prior to the measurement. The gelled particle sizes were 33±2 nm, 240±14 μm, to 570±40 μm for NPC14, NPC25, and NPC40, respectively. Only the NPC57 film showed a crystalline electron diffraction pattern, especially the (210) crystalline plane of CuCl 2 , with unknown patterns.
The film morphology was observed by atomic force microscopy (AFM, XE-100, Park Systems). All NPC solutions were drop-casted onto graphene film (40 μL cm −2 ) and dried for 2 h in ambient conditions. The thickness of the films was measured by an Alpha step profilometer (Tencor Instruments, Alpha-step IQ).
UV-vis-NIR spectra (Lambda 750, UV/Vis/NIR Spectrophotometer, PerkinElmer) of the devices (thickness of 35 μm) were measured. Fluorescence spectra were obtained with a luminescence spectrometer (Perkin Elmer, Model LS55). Then, 50 μL of the sample solution S6 was mixed with 4 mL of deionized water for dilution. MQAE (0.5 wt% solid content) was added to the solution.
High-resolution X-ray diffraction (HR-XRD) patterns were recorded on a SmartLab, Rigaku using CuKα radiation (λ=0.154 nm) at 9 kW beam power and a step size of 0.02 º at a scan speed of 3 º min −1 . Optical microscopy images were obtained from a BA310MET, Motic under ambient conditions (~22 °C and ~50% RH).
The pH was measured by a portable pH/mV/°C meter (HI 8424, HANNA), and the capsule unit was calibrated in pH 1, 4, and 7 buffer solutions maintained at 23 °C. The hydrodynamic radius (R h ), zeta potential, and solution ionic conductivity of PEDOT:PSS nanoparticles in suspension were measured using dynamic light scattering (DLS) spectra with a Zetasizer Nano ZS90 (Malvern Instruments, inc.). Then, 60 µL of an NPC solution (or PEDOT:PSS) was mixed with 5 mL of deionized water for dilution. A supernatant solution was stabilized in a cuvette for 12 h. Error bars reflect the standard deviation from ten identical measurements.
The thermal conductivity was determined from the specific heat capacitance and thermal diffusivity according to the equation κ=C p α ρ, where C p is the specific heat capacitance, α is the thermal diffusivity, and ρ is the density of the sample. The C p was measured by differential scanning calorimetry (DSC, 200 F3 Maia, NETZSCH) under N 2 gas flow at a heating rate of 10 °C min −1 . The α was measured by laser flash analysis (LFA) in a 25 °C chamber, and the value of pristine sample was checked against that obtained by LFA457, NETZCH. NPC solutions of 5 mL were dried at room temperature for 24 h to achieve a desired thickness of 0.5 mm.
The ion-transport number 5 is represented as
and the electron transference number is represented as
where ii and ie are their respective partial currents with ti + te = 1.
In the ionic conductive polymer film, the heat is converted into the electrical energy and The proportionality factor (g-factor) was calculated from the following equation:
where h is the Planck constant, ν is the microwave frequency (9.4 GHz), μ B is the Bohr magneton, and B 0 is the magnetic field strength. The doping level dependence of NPC films was demonstrated with the number of spins (N), peak-to-peak separation (ΔH pp ) of the ESR S8 Lorentzian signal, asymmetry factor (A 1 /A , the ratio between the two halves of the signal) and g-factor ( Fig. S1 ).
Theoretical equations for ionic Seebeck voltage generation.
Grotthuss diffusion mechanism in conductivity
The calculated S values of the NPC films were obtained from the calculated V out using the Grotthuss mechanism at a uniform gradient of temperature. 6, 7 The V out at a small distance, d, for anion was calculated as Equation S9-S11: The ion Fickian diffusion coefficients are ± = ± / , in which is the ion mobility S10 3. Soret coefficient for molecule 12, 13 (Equation S16)
In an electrolyte or a colloidal suspension, temperature derivatives consider the Debye length (Equation S17)
A is the molecule area, Q eff is the effective charge, and s hyd is the particle-area-specific hydration entropy.
A thermal lens (TL) setup:
(Equation S18)
∇ ∇ S T =D T /D is the Soret coefficient measured in K -1 , D T is the thermal diffusion coefficient in m 2 s -1 K -1 , D is the translational diffusion coefficient in m 2 s -1 , and c is the weight fraction. S11 Table S1 . Summary of impedance parameters and transport numbers obtained by fitting the electrochemical impedance spectroscopy. 
